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The mechanism of c a t a l y t i c  methanat ion on a n  alumina-supported n i c k e l  
c a t a l y s t  (25  w t $  Ni) has been e x m i n e d  by means of  (1) k i n e t i c  s t u d i e s  
w i t h  a pulsc  m i c r o r e a c t o r ,  (2) s u r f a c e  s t u d i e s  wi th  Auger e l e c t r o n  spec- 
t roscopy (AES) ,  and (3) t empera ture  programmed s u r f a c e  r e a c t i o n  k i n e t i c s  
(TPSR) a t  t h c  g a s / s o l i d  i n t e r f a c e .  During exposure of  the  c a t a l y s t  t o  
pulses  of CO ( d i l u t e d  w i t h  H e )  a t  e l e v a t e d  temperatures  (> 450 K) ,  we 
observed f i r s t - o r d e r  format ion  of  s u r f a c e  carbon. The s u r f a c e  carbon s o  
foimed exhib i ted  h igh  r e a c t i v i t y  towards hydrogen wi th  q u a n t i t a t i v e  con- 
vers ion  t o  methane. The Auger e l e c t r o n  s p e c t r a  i n d i c a t e d  t h a t  t h e  sur face  
carbon was bonded t o  t h e  N i  as a carb id ic - type  s u r f a c e  s p e c i e s  which con- 
ver ted t o  g r a p h i t i c  carbon o€ very  low r e a c t i v i t y  towards hydrogen a t  
temperatures  above 675 K .  The k i n e t i c s  of  methane formation from s u r f a c e  
carbon and gaseous H 2  were determined by means of TPSR. The formation of  
CH4 is observed a t  t empera tures  as low as 375 K .  The rates of methane 
formation Sollow f i r s t - o r d e r  k i n e t i c s  w i t h  r e s p e c t  t o  s u r f a c e  carbon.  
The a c t i v a t i o n  energy f o r  t h i s  process  i s  17.6 kcal/mol. The experimental  
da ta  a r e  analyzed i n  terms of a c a t a l y t i c  methanat ion mechanism i n  which 
d i s s o c i a t i v e  adsorp t ion  of carbon monoxide and hydrogen i s  fol lowed by 
r e a c t i o n  of s u r f a c e  carbon and s u r f a c e  oxygen w i t h  hydrogen adatoms t o  
y ie ld  methane and water .  

INTRODUCTION 

I n  s p i t e  of considci 'able  e i f o r t  t h e  methanat ion mechanism on  n i c k e l  
c a t a l y s t s  i s  not  e s t a b l i s h e d  unequivocal ly .  A t  room temperature  non- 
d i s s o c i a t i v e  CO a d s o r p t i o n  has  been repor ted  wi th  t h e  formation of s e v e r a l  
molecular bonding s t a t e s  on t h c  s u r f a c e  of  nickel .1-5 However a t  e l e v a t e d  
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temperatures  (> 350 K )  on an alumina-supported N i  c a t a l y s t 6  and on N i  f i l m s 7  
t h e  formation of C02 was observed and t h e  r e a c t i o n  i n t e r p r e t e d  i n  terms 
o f  d ispropor t iona t ion .  l o r e  r e c e n t l y  d i s s o c i a t i v e  c h e m i s ~ r p t i o n ~ ~ ~  has  been 
SWgeSted i n  accordance with:  

C O W  + O ( S )  - C02(g) (3)  

However t h e  s u r f a c e  carbon so  formed was cons idered  t o  have n e g l i g i b l e  
r e a c t i v i t y  i n  methanat ion  and t o  d e a c t i v a t e  t h e  c a t a l y s t  wi th  t h e  formation 
Of bulk Ni3C or g r a p h i t i c  carbon s t r u c t u r e s . ”  

The o b j e c t i v e s  of our research  were (1) t h e  k i n e t i c s  of i n t e r a c t i o n  
o f  CO wi th  a Ni/A1203 ca t a lys t ,  (2) t h e  r e a c t i v i t y  of t h e  s u r f a c e  carbon 
spec ies  toward hydrogen,  and (3) t h e  phys ica l  n a t u r e  of t h e  s u r f a c e  
carbon and i t s  bonding t o  N i  by Auger e l e c t r o n  spectroscopy.  

EXPERIMENTAL DETAILS 

For measurement of t h e  r e a c t i o n  o f  CO w i t h  t h e  Ni/A1203 c a t a l y s t  a 
pulse-microreactor  s y s t e m  was used o p e r a t i n g  a t  50 ps ig .  Constant-volume 
pulses  (1.3 cm3) of CO, Hp ,  or CO/H2 mixtures  (CO + Ha) i n  a helium 
c a r r i e r  stream passed through t h e  c a t a l y s t  bed and e n t e r e d  a g a s  chroma- 
tograph (CC) f o r  q u a n t i t a t i v e  a n a l y s i s  (CO, COz, and CH4). The c a t a l y s t  
bed cons is ted  of 13.7 x g of  hydrogen-reduced G i r d l e r  G - 6 5  methanation 
c a t a l y s t  (25 w t %  N i  supported on Al2O3) crushed t o  f i n e r  than  ZOO-mesh 
p a r t i c l e  s i z e .  The c a t a l y s t  was reduced f o r  1 5  hours  a t  725 K i n  a s t e a d y  
s t ream of pure  Hp a t  1 a t m ,  then  purged f o r  an hour i n  f lowing H e  before  
t h e  temperature  was lowered t o  t h e  d e s i r e d  o p e r a t i n g  l e v e l .  

The r a t e s  o f  removal of  t h e  s u r f a c e  carbon s p e c i e s  by hydrogen were 
determined by the technique of  temperature  programmed s u r f a c e  r e a c t i o n  
(TPSR). T h i s  method r c p r e s c n t s  a m o d i f i c a t i o n  of t h e  temperature  programmed 
desorp t ion  technique  (TPD) and is p a r t i c u l a r l y  w e l l  s u i t e d  t o  the s tudy  
of i r r e v e r s i b l e  s u r f a c e  gas r e a c t i o n s ,  such  a s  t h e  i n t e r a c t i o n  of hydrogen 
wi th  s u r f a c e  carbon on n i c k e l . l l  
i n  tcrms of k i n e t i c  parameters  i s  based on t h e  same t h e o r e t i c a l  a n a l y s i s  
a s  employed i n  TPD.12 

I n t e r p r e t a t i o n  of t h e  experimental  d a t a  

* ( s )  r e f e r s  t o  a s u r f a c e  s p e c i e s  and (6)  t o  a gaseous spec ies .  
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A f t e r  d e p o s i t i n g  s u r f a c e  carbon on t h e  c a t a l y s t  ( i n  t h e  range from 
3 x 1014 t o  9 x lOI4 atoms/cm’ by exposure t o  a s e r i e s  of CO/He p u l s e s  
a t  450 - 550 K t h e  sample w a s  cooled t o  room temperature  and t h e  c a r r i e r  
gas changed t o  hydrogen. Subsequent ly  t h e  c a t a l y s t  t empera ture  was r a i s e d  
a t  a l i n e a r  h e a t i n g  r a t e  and t h e  formation of  methane r e s u l t i n g  from t h e  
r e a c t i o n  of s u r f a c e  carbon w i t h  hydrogen was monitored as a f u n c t i o n  of  
t i m e  and temperature .  

EXPERIMENTAL RESULTS 

1. Pulse  Microreac tor  Experiments 

To e s t a b l i s h  t h e  r e a c t i o n  o r d e r  w i t h  r e s p e c t  t o  CO f o r  sur face-carbon 
formation t h e  EO c o n c e n t r a t i o n  i n  t h e  p u l s e  c o n t a c t i n g  t h e  c a t a l y s t  sample 
i n  t h e  microreactor  was var ied  from 1.0 t o  10.0 vol% CO ( i n  He) a t  553 K. 
From the  amount of CO2 formed t h e  m a s s  o f  carbon depos i ted  on t h e  c a t a l y s t  
s u r f a c e  could be c a l c u l a t e d  (Equat ions 2 and 3). From t h e  d i f f e r e n c e  
between the  CO consumed ( e q u i v a l e n t  t o  twice  t h e  amount of COz formed) 
and t h e  t o t a l  CO l o s t  from t h e  pulse  t h e  amount of non-d issoc ia ted  CO l e f t  
o n  t h e  c a t a l y s t  could be determined.  The r e s u l t s  of a s e r i e s  of such  
experiments a r e  shown i n  F igure  1. The d a t a  d e p i c t e d  by curve (a) dem- 
o n s t r a t e  t h a t  t h e  f r a c t i o n a l  convers ion  of CO t o  s u r f a c e  carbon is pro-  
p o r t i o n a l  t o  t h e  amount of CO i n  t h e  p u l s e ,  i n d i c a t i v e  of a f i r s t  o r d e r  
s u r f a c e  r e a c t i o n .  Thus, r a t h e r  t h a n  d i s p r o p o r t i o n a t i o n  t h e  mechanism 
involves  rap id  CO a d s o r p t i o n  and r a t e - l i m i t e d  d i s s o c i a t i o n  of t h e  CO 
admolecule ( r e a c t i o n  21, fol lowed by r a p i d  removal of t h e  oxygen adatoms 
by f u r t h e r  r e a c t i o n  w i t h  M) [ r e a c t i o n  ( 3 ) l .  

Of i n t e r e s t  i s  t h e  q u a n t i t a t i v e  convers ion  of t h e  s u r f a c e  carbon t o  
methane on exposure t o  a hydrogen p u l s e  a t  553 K (curve  b ,  F igure  1). 
except  a t  very high s u r f a c e  d e n s i t i e s  of  carbon (an  es t imated  s u r f a c e  
coverage of more t h a n  50 percent  r e l a t i v e  t o  N i  s u r f a c e  a toms)a t  which 
t h e  amount of  the  carbon converted t o  methane is somewhat less t h a n  t h a t  
depos i ted .  Under t h e s e  c o n d i t i o n s  t h e  tempera ture- lab i le  c h a r a c t e r i s t i c s  
of  t h e  sur face  carbon become a p p a r e n t ,  as d i s c u s s e d  i n  f u r t h e r  d e t a i l  i n  
t h e  fol lowing s e c t i o n .  

For a f i r s t - o r d e r  r e a c t i o n ,  such as t h e  d i s s o c i a t i v e  chemisorpt ion 
of CO on N1/Al203, a pulse- reac tor  experiment  can be employed f o r  k i n e t i c  
s t u d i e s .  Thus, irom measurement of t h e  amount of s u r f a c e  carbon formed 
o v e r  a range of tempera tures ,  t h e  a c t i v a t i o n  energy for t h i s  heterogeneous 
r e a c t i o n  can be e ~ a 1 u a t e d . l ~  Over a temperatura  range from 553 K t o  613 K 
we c a l c u l i t e ,  an a c t i v a t i o n  energy of  39 kcal/mole f o r  r e a c t i o n  (3) on t h e  
b a s i s  o f  a h e a t  of a d s o r p t i o n  of CO on nickel’ of -35.0 k c a l h o l e .  
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2 .  TPSR S t u d i e s  

The r a t e  of Zoimation of CH4 by i n t e r a c t i o n  of  s u r f a c e  carbon wi th  
hydrogen, as s t u d i e d  by t h e  TPSR technique ,  e x h i b i t s  two d i s t i n c t  maxima 
(Figure 2 ) .  One methane peak i s  c e n t e r e d  a t  430 2 20 K (CY s t a t e ) ,  and 
t h e  o t h e r  a t  630 2 20 K (p s t a t e ) .  The r a t i o  of carbon coverages between 
t h e  two s t a t e s  was found t o  be N Q / N ~  = 2.5 f o r  exposure t o  CO a t  523 K ,  
and NCY/Np = 1.0 f o r  exposure a t  575 K. The shape  of t h e  TPSR curve and 
t h e  maximum r e a c t i o n  tempera tures  were n o t  i n f l u e n c e d  s i g n i f i c a n t l y  by t h e  
temperature  of surface-carbon d e p o s i t i o n  (from 510 t o  570 K). In a d d i t i o n ,  
the  l a c k  of dependence of these  parameters  on i n i t i a l  carbon coverage 
provides  s t r o n g  evidence t h a t  t h e  r e a c t i o n  under  s tudy  is of f i r s t  o r d e r  
i n  surface-carbon coverage.  

The apparent  a c t i v a t i o n  e n e r g i e s  f o r  t h e  r e a c t i o n  of  hydrogen wi th  
both t h e  CY and 3 s t a t e s  of adsorbed carbon were determined by varying t h e  
hca t ing  r a t e  i n  a s e r i e s  of TPSR experiments.l '  Based on t h e  t h e o r e t i c a l  
a n a l y s i s  of a f i r s t - o r d e r  s u r f a c e  r e a c t i o n  t h e  apparent  a c t i v a t i o n  e n e r g i e s  
f o r  t h c  r e a c t i o n  of hydrogen w i t h  t h e  CY- and p- s t a t e s  o f  s u r f a c e  carbon 
were c a l c u l a t e d :  

7 
k = 1.3 x 10 exp(-17700/RT) sec-' ( 4) 

(5) 
9 -1 

k = 3.0 x 10 exp(-33000/RT) s e c  
B 

DISCUSS I O N  

The exper imenta l  r e s u l t s  s t r o n g l y  sugges t  t h e  s u r f a c e  carbon formed 
by d i s s o c i a t i v e  chemisorp t ion  o f  CO a s  an  i n t e r m e d i a t e  i n  t h e  methanat ion 
r e a c t i o n  c a t a l y z e d  by n i c k e l .  T h i s  mechanism is r e i n f o r c e d  by exper i -  
mental s t u d i e s  i n  which t h e  s u r f a c e  carbon d e p o s i t e d  t o  var ious  degrees  
of  s u r f a c e  coverage was exposed t o  p u l s e s  c o n t a i n i n g  e i t h e r  hydrogen or 
mixtures  of H2 and CO (H2/CO = 9/1) .  A s  summarized i n  Table  1 t h e  s u r f a c e  
carbon r e s u l t i n g  from t h e  exposure of t h e  Ni/A1203 c a t a l y s t  t o  s i x  con- 
s e c u t i v e  CO pulses  can be converted r a p i d l y  and q u a n t i t a t i v e l y  t o  methane 
o n  exposure t o  a pulse  of hydrogen. The r e s u l t i n g  carbon m a s s  ba lance  between 
methane and s u r f a c e  carbon i s  e x c e l l e n t .  On c o n t a c t i n g  a c a t a l y s t  con- 
t a i n i n g  s u r f a c e  carbon wi th  a p u l s e  of Hz/CO(9/1) t h e  t o t a l  amount of  
methane produced is g r e a t l y  augmented over  t h a t  measured on a c l e a n  n i c k e l  
s u r f a c e  wi th  t h e  same gas  mixture .  A s  a m a t t e r  of f a c t  t h e  t o t a l  number 
of  CH4 molecules formed approaches t h e  sum of t h e  number of carbon atoms 
deposi ted on t h e  c a t a l y s t  s u r f a c e  and t h e  number of CO molecules  conver ted  
i n  passing a CO/Hz p u l s e  gas  mixture  over  t h e  c l e a n  c a t a l y s t  (Table 1). 

55 



m 
Furthermore i t  should be noted t h a t  i n  pu l s ing  w i t h  CO some non- 

d i s s o c i a t e d  carbon monoxide is r e t a i n &  by t h e  c a t a l y s t  (Table  1). 
However these  CO admolecules d o  n o t  seem t o  c o n t r i b u t e  t o  methane formation 
on subsequent exposure t o  a p u l s e  o f  HZ a t  553 K.  T h i s  l a c k  of p a r t i c i -  
pa t ion  of adsorbed CO molecules  i n  methanat ion i s  s u b s t a n t i a t e d  by a 
c a l c u l a t i o n  of t h e  s i t e  occupancy o f  carbon and carbon monoxide adspec ie s  
on the c a t a l y s t  s u r f a c e  r e s u l t i n g  from exposure t o  p u l s e s  of d i f f e r e n t  CO 
concen t r a t ions .  I n  t h i s  a n a l y s i s  t h e  assumption has  been made t h a t  a 
bridge-bonded c o n f i g u r a t i o n  [CO(B)] i s  p a r t i c u l a r l y  f avorab le  f o r  d i s -  
s o c i a t i v e  adso rp t ion  o f  CO, i.e., two ne ighbor ing  n i c k e l  sites on to  which 
CO i s  bound. The remaining s i tes  are t aken  t o  be occupied by l i n e a r l y  
bound CO admolecules [CO(L)l, i .e . ,  t hose  bonded by sp-hybridized carbon 
t o  a s i n g l e  N i  atom. I t  w i l l  be no ted  from t h e  d a t a  i n  F igu re  1 (curve 
c )  t h a t  du r ing  p u l s i n g  w i t h  p r o g r e s s i v e l y  l a r g e r  closes of C O ,  t h e  f i n i t e  
number of N i  s i t e s  a v a i l a b l e  i s  q u i c k l y  preempted by CO(B)so t h a t  t h e  
adso rp t ion  of CO(L) goes through a maximum value.  From a comparison o f  
curves b and c i n  F igu re  2 i t  is a p p a r e n t  t h a t  methane formation runs  
p a r a l l e l  to  t h e  s u r f a c e  d e n s i t y  o f  C-atoms and n o t  CO admolecules. 

m 

m 

The chemical s ta te  of t he  carbon adatoms on t h e  s u r f a c e  o f  t h e  Ni/Al$g 
c a t a l y s t  h a s  been determined by means o f  Auger e l e c t r o n  s p e c t r o s c o p i c  
s t u d i e s .  A c a t a l y s t  sample exposed t o  s e v e r a l  CO p u l s e s  (10 vol% i n  He) 
a t  553 K and cooled to  room tempera tu re  e x h i b i t e d  the spectrum shown in 
Figure  3. The Auger e l e c t r o n s  w i t h  e n e r g i e s  n e a r  250 eV and 260 e V  ex- 

i s t i c  o f  a ca rb id i c - type  carbon s t r u c t u r e . l 4 9 l 5  
n e a r  270 eV is common carbon i n  b o t h  t h e  g r a p h i t i c  and t h e  c a r b i d i c  
chemical states. 

. h i b i t e d  by the Ni/A1@3 sample and t h e  ca rbur i zed  N i  f o i l  are cha rac t e r -  
The KLL Auger t r a n s i t i o n  

Since i n  t h e  energy range of i n t e r e s t  t h e  Auger e l e c t r o n s  emanate 
from a shal low depth n e a r  t h e  s u r f a c e  o f  t he  s o l i d  (< 3 atomic layer) 
w c  may conclude t h a t  t h e  d i s s o c i a t i v e  chemisorpt ion of CO on N i  r e s u l t s  
i n  t h e  formation of a c a r b i d i c  Ni-C s u r f a c e  bond. From t h e  d i s s o c i a t i o n  
energy of CO ( 2 5 6  kcal/mole) and t h e  Ni-O bond s t r e n g t h  (89 kcal/mole) 
w e  e s t i m a t e  a va lue  o f  167 kcal /mole as t h e  lower l i m i t  of t h e  Ni-C b ind ing  
energy r equ i r ed  t o  make d i s s o c i a t i v e  chemisorpt ion of CO on N i  thermo- 
dynamical ly  feasible. A bend s t r e n g t h  of t h i s  magnitude for t h e  Xi-C bond 
h a s  been reported.16 

rn F u r t h e r  evidence f o r  d i s s o c i a t i v e  a d s o r p t i o n  o f  CO on N i  is provided 
by e l e c t r o n  spectroscopy.  
CO adsorbed on a p o l y c r y s t a l l i n e  n i c k e l  f i l m  a t  300 K ,  a dens i ty -o f - s t a t e s  
d i s t r i b u t i o n  €or t he  oxygen valencc e l e c t r o n s  was observed which could 
be a t t r i b u t e d  t o  M admolecules. 
s t a t e s  d i s t r i b u t i o n  changed t o  t h a t  c h a r a c t e r i s t i c  o f  0-adatoms r e s u l t i n g  

In a study17 o f  t h e  pho toe lec t ron  s p e c t r a  of 

m However a t  T > 400 K ,  t h e  dens i ty -o f -  
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from CO d i s s o c i a t i o n .  Also,  f o r  CO a d s o r p t i o n  on a d i s o r d e r e d  N i ( l l 1 )  sur -  
f a c e ,  Eastman and coworkers18 repor ted  r u p t u r e  o f  t h e  C 4  bond. 

The l a b i l e  c h a r a c t e r i s t i c s  of t h e  c a r b i d i c  s u r f a c e  carbon s p e c i e s  
on n icke l  becomes apparent  dur ing  prolonged exposure Of t h e  c a t a l y s t  sur -  
f a c e  to t h e  e l e c t r o n  beam of t h e  Auger e l e c t r o n  s p e c t r o m e t e r  or t o  e l e v a t e d  
temperatures. Under t h e s e  c o n d i t i o n s  t h e  Auger spectrum i n d i c a t e s  a 
gradual  t ransformat ion  of  t h e  c a r b i d i c  carbon to  t h e  g r a p h i t i c  form, i . e .  
disappearance of t h e  s p e c t r a l  f i n e  s t r u c t u r e  a s s o c i a t e d  w i t h  t h e  250 and 
260 eV Auger "peaks" and growth of t h e  s i g n a l  i n t e n s i t y  of the- 270 eV "peak." 
T h i s  form of s u r f a c e  carbon i s  r e l a t i v e l y  u n r e a c t i v e  toward hydrogen. 
P o s s i b l y  i t  has  t h e  p r o p e r t i e s  of t h e  C ( p ) - s t a t e  (F igure  2) observed i n  
t h e  TPSR experiments .  From t h e  r a t e  c o n s t a n t s  measured we would expect  
t h e  r e a c t i v i t y  of t h e  g r a p h i t i c  carbon towards hydrogen t o  be 1/10,000 
t h a t  o f  t h e  c a r b i d i c  s p e c i e s  a t  553 K .  

O u r  experimental  work s t r o n g l y  s u g g e s t s  t h e  c a r b i d i c  carbon s u r f a c e  
s p e c i e s  as  an i n t e r m e d i a t e  i n  the  Ni-catalyzed methanat ion r e a c t i o n .  This  
s u r f a c e  carbon s p e c i e s ,  h i g h l y  r e a c t i v e  towards hydrogenat ion and methane 
formation,  should be d i s t i n g u i s h e d  from bulk  n i c k e l  c a r b i d e ,  ( N i ~ c ) ,  whose 
a c t i v i t y  i n  methanat ion c a t a l y s i s  has  been examined and found t o  be r e l a -  
t i v e l y  10w.19-21 The r a t e  de te rmining  s t e p  i s  t o  be found i n  t h e  d i s -  
s o c i a t i v e  chemisorp t ion  of  CO. The a c t i v a t i o n  energy  for t h i s  process  
i s  est imated t o  be 39 2 2 kcal /mole,  a v a l u e  of t h e  same magnitude found 
i n  our appara tus  f o r  s t e a d y  s t a t e  c a t a l y t i c  methanat ion a t  W/H2 = 1/9 ,  
a s  shown by t h e  d a t a  i n  F i g u r e  4 ,  
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Table 1 

INTERACTION OF H2 A M )  H2/CO W I T H  SURFACE CARBON 
ON Ni/A1203 CATALYSTa AT 553 K 

Experiment Pu l seb  Surface S p e c i e s  
Composition T o t a l  Deposited 

( VOl%) Number (moles x lo6)  
*2 a co C 

1 0 10 1.56 2 .01  

l 1 0 0  0 I 1 I 0 0 

2 0 10 2 0 . 8 3  2.12 

0 

3 1 . 6 5  3 . 4 0  

0 

aNi/A1203 c a t a l y s t  (Girdler G-65, 25  w t %  N i ) .  

bCO p u l s e  = 5.73  x mole; H2 p u l s e  = 5.73 x lom5 mole. 

59 

CH4 Formed 

(mole x 106) 

- 
1.96 

- 

2.10 

- 
3.39 

5 .25  

- 
8.01 
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FIGURE 1 SURFACE CARBON INTERMEDIATE IN  CATALYTIC 
METHANATION (Ni/AI2O3, 25 wt %) 
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FIGURE 2 TEMPERATURE PROGRAMMED SURFACE REACTION BETWEEN SURFACE 
CARBON AND GASEOUS HYDROGEN CATALYZED BY Ni/AI2O3 (25 wt %I 
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FIGURE 4 STEADY STATE METHANATION ACTIVITY OF Ni/A1203 
125 wt %I 
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